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CONTRACT  TITLE:  Channel  Protein  Engineering:  A  Novel  Approach  Towards  the  Molecular 
Dissection  Determinants  in  Ligand-regulated  Channels 

START  DATE:  1  February  1989 

RESEARCH  OBJECTIVE:  To  identify  the  structures  forming  the  channel  lining  of  ligand-gated 
channels;  to  characterize  the  single  channel  properties  of  the  pore-forming  structure;  and  to  model 
the  structure  using  molecular  mechanics  and  dynamics. 


PROGRESS  (Year  2) 

1.  Molecular  modeling  of  the  pore  forming  structures  of  voltage-gated  and  ligand¬ 
gated  channel  proteins. 

We  pursued  the  modeling  of  the  pore  forming  structures  of  the  sodium  channel  and  the 
acetylcholine  receptor  (Proteins  8:226-236,  1990,  enclosed  reprint).  Further,  we  calculated  the 
energy  profiles  for  cations  and  found  them  to  be  consistent  with  the  permeation  properties 
observed  experimentally.  We  introduced  the  use  of  "computer  mutations"  whereby  specific 
residues  are  substituted  and  thereby  various  molecular  contributions  to  the  binding  sites  and  energy 
barriers  are  deduced.  Notably,  for  the  acetylcholine  receptor  channel,  an  innermost  site  is  found  to 
be  attributable  to  -OH  groups  of  serine  residues,  consistent  with  our  previous  modeling  and  more 
recent  experiments.  However,  a  most  external  site  is  found  to  arise  from  a  ring  of  highly 
conserved  phenylalanine  residues,  not  usually  regarded  as  providing  favorable  interactions  with 
ions.  This  site  may  provide  favorable  interactions  with  amphipathic  channel  blockers  such  as  local 
anesthetics.  Calculations  are  currently  being  extended  to  include  a  molecule  of  QX-222,  a 
quartemary  ammonium  derivative  of  the  local  anesthetic  lidocaine,  within  the  lumen  of  the  pore. 
Specific  predictions  for  possible  experimental  mutations  are  made  which  can  serve  to  test  both  the 
proposed  structure,  as  well  as  the  computational  inferences  we  have  drawn  from  it  (Progr.  Cell 
Res.  1:195-211,  1990,  enclosed  reprint). 

We  are  in  the  process  of  calculating  the  pore  structure  of  the  rat  brain  acetylcholine  receptor  cu,  a 
neuronal  receptor  with  presumed  tetrameric  structure.  The  M2  transmembrane  segment  may  form 
the  bundle  that  lines  the  pore:  it  shows  extensive  homology  to  the  M2  segment  of  the  muscle 
receptor,  it  has  the  same  two  potential  binding  sites  exposed  to  the  lumen  of  the  pore,  namely  a 
serine  and  a  phenylalanine  spaced  eight-residues  apart  and  is  also  amphipathic.  Modeling  is  also 
carried  out  on  a  tetrameric  potassium  channel  (of  the  delayed  rectifier  type)  and  on  a  tetrameric 
calcium  channel  (of  the  dihydropyridine  receptor  family).  The  results  on  the  calcium  channel  are 
more  extensive  and  very  provocative.  We  modeled  the  inner  bundle  that  lines  the  calcium  channel 
as  a  tetramer  of  S3  segments  contributed  by  the  four  homolgous  repeats.  The  bundle  is  funnel- 
shaped  with  the  narrowest  end  pointing  to  the  N-  terminus.  The  exterior  of  the  bundle  is 
hydrophobic  and,  presumably,  is  in  contact  *vith  the  apolii  membrane  interior.  The  lumen  of  the 
pore  is  lined  with  polar/neutral  residues  and  two  clusters  of  acidic  residues  spaced  ten  residues 
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apa it.  The  pore  diameter  at  its  narrowest  extent  is  7.4  A  and  occurs  at  the  level  of  a  conserved 
aspartic  acid.  Thus,  this  motif  satisfies  the  structural  and  energetic  requirements  for  the  function  of 
the  inner  bundle  that  forms  the  pore  of  calcium  channel  proteins.  We  are  currently  investigating  the 
binding  of  QX-222  and  how  the  structurally  related  dihydropyridine  enantiomers  of  BavK  8644  [ 
(+)  -  antagonist  and  (-)  -  agonist]  may  cause  opposite  actions.  Binding  sites  for  drugs  are 
evaluated  using  the  docking  subroutine  in  the  INSIGHT  program  package  (Biosvm  Technologies, 
CA.),  monitoring  electrostatic  and  Van  der  Waals  interactions,  simultaneously.  We  idendfied  a 
potential  binding  site  for  the  1,  4-dihydropyridine  located  in  the  middle  of  the  bundle  and  formed 
by  a  serine  residue  of  one  helix  and  stabilized  by  a  cysteine  in  an  adjacent  helix.  We  are  evaluating 
the  model  by  "computer  mutations"  and  "experimental  mutations".  As  described  below,  we 
succeeded  in  designing  a  synthetic  calcium  channel  protein  according  to  this  model.  Therefore, 
the  current  excitement  is  based  on  the  availability  of  the  structure  model  and  of  the  synthetic 
pore  protein,  which  should  prove  valuable  in  assessing  the  functional  role  of  key  residues  and 
should  facilitate  the  conceptual  design  of  drugs  that  alter  the  pore  by  blocking  it  from  the  aqueous 
pathways  or  via  the  hydrophobic  access  to  the  protein  from  the  bilayer  interior. 

2.  Synthesis  of  tetrameric  synthetic  channel  proteins  and  demonstration  of 
channel  blockade  by  a  local  anesthetic. 

We  have  extended  our  synporin  strategy  (Proc.  Natl.  Acad.  Sci.  USA  87:6929-6933,  1990. 
enclosed  reprint)  to  design  and  synthesize  pore  proteins  based  on  sequence  information  and 
oligomeric  number.  This  concerted  approach  encompassing  the  technologies  of  molecular 
modeling,  synthetic  chemistry  and  single  channel  recordings  in  lipid  bilayers  is  proving  to  be 
valuable  in  identifying  and  further  examining  the  functional  pore  entities  of  an  entire  channel 
protein  (FASEB  J.  4:2623-2635,  1990,  enclosed  reprint). 

Thus  far,  we  have  designed  and  synthesized  four  homotetrameric  proteins  which  imitate  the 
sequence  of  a  highly  conserved  segment  predicted  to  line  the  pore  of  channel  proteins. 

A.  For  the  nicotinic  acetylcholine  receptor  from  Torpedo  californica  a  muscle-like  receptor,  the 
sequence  is: 

EKMSTAISVLLAQAVFLLLTSQR 

B, C.  For  the  nicotinic  acetylcholine  receptor  from  brain,  a  neuronal  acetylcholine  receptor,  the 

sequence  for  the  a 3  or  04  subunit  is: 

EKVTLCISVLLSLTVFLLLITE 

and  for  the  P2  subunit  is: 

EKVTLAISVLLALTVFLLLISK 
Where  A  is  replacing  the  authentic  cysteine  in  this  position. 

D.  For  the  dihydropyridine- sensitive  L-tvpe  calcium  channels,  the  sequence  is: 

DPWNVroFLIVlGSUDVILSE 

This  sequence  is  identical  in  L-type  calcium  channels  from  skeletal  and  cardiac  muscle,  brain, 
aorta  and  lung  (Soc.  Neurosci.  16(2):  957a,  1990,  abstract  enclosed). 

As  control  proteins  for  the  first  three  cholinergic  receptor  channels,  we  synthesized  a  similar 
tethered  tetramer  with  Ml  peptides;  for  the  calcium  channel,  the  control  protein  is  a  tethered 
tetramer  of  the  S5  segment  of  repeat  IV.  None  of  the  control  proteins  form  channels  in  lipid 
bilayers,  in  accord  with  expectations. 
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The  synthetic  proteins  emulate  the  pore  properties  of  the  authentic  channels,  including  single 
channel  conductance,  cation  selectivity,  transitions  between  closed  and  open  states  in  the 
millisecond  time  range  and  sensitivity  to  channel  blockers.  In  membranes  composed  of 
phosphatidylcholine  and  phosphatidylethanolamine,  the  single  channel  conductance  in  symmetric 
0.5M  KC1  or  0.5M  NaCl  of  the  muscle-like  channel  protein,  is  20  pS  and  15  pS,  respectively.  For 
the  neuronal-like  channel  protein,  the  corresponding  values  are  28  pS  and  14  pS  respectively.  The 

apparent  K<j  for  channel  blocking  by  QX-222  in  0.5M  KC1  is  =  10|iM.  Thus,  the  M2  synthetic 
channel  proteins  exhibit  the  sensitivity  tc  ’ocal  anesthetic  channel  blockers  clieuaeicusdc  of  the 
authentic  cholinergic  receptor.  For  the  calcium  channel  protein,  the  apparent  selectivity  ratio 
inferred  from  single  channel  conductance  ratios  is:  Ba2+>Ca2+>Sr2+>Na+>K+>>Cl",  in 
agreement  with  measurements  obtained  on  authentic  calcium  channels.  To  assess  the  integrity  of 
the  designed  pore  protein  we  examined  its  pharmacology.  Remarkably,  the  synthetic  protein 
exhibits  the  pharmacological  specifity  that  is  characteristic  of  authentic  calcium  channels  and 
at  similar  effective  concentrations:  Nifedipine,  verapamil,  QX-222,  Cd2+  and  Ca2+,  all  block 
ion  conduction  through  the  synthetic  pore  protein.  A  critical  test  of  the  model  involved  the  action 
of  the  enantiomeric  forms  of  the  1,  4-  dihydropyridine  BayK  8644.  We  showed  that  the  (-)  BayK 
8644  acts  as  agonist  and  increases  the  frequency  of  openings  and  prolongs  the  channel  opentime, 
whereas  the  (+)  enantiomer  acts  as  a  powerful  blocker  and  drastically  reduces  the  number  of 
openings  and  their  open  lifetime.  Hence,  the  stereospecific  activity  of  1 ,4-dihydropyridines  on  the 
synthetic  channel  matches  that  exerted  on  authentic  channels. 

WORKPLAN  (Year  3):  We  are  in  the  process  of  examing  the  key  role  of  specific  residues  in 
determining  the  activity  of  these  channel  proteins  and  their  sensitivity  to  local  anesthetic  blockers 
by  designing  and  synthesizing  analogues  where  such  residues  are  substituted.  These  studies  are 
guided  by  the  results  of  the  "computer  mutations"  previously  described. 
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Synporins — synthetic  proteins  that  emulate  the  pore  structure  of 
biological  ionic  channels 

Mauricio  MontaiJI.  Myrta  S.  MontaiJ,  and  John  M.  Tomich1! 

•Departments  of  Biology  anJ  Physics.  University  of  California.  San  Diego.  La  Jolla.  CA  92093-0319;  and  'Medical  Genetics  Division.  Children's  Hospital. 
Los  Angeles.  CA  90027 

Communicated  by  Bruno  Zimm.  May  J.  1990  I  received  for  review  February  27,  1990) 


ABSTRACT  A  class  of  proteins  that  mimic  the  fundamen¬ 
tal  pore  structure  of  authentic  ionic  channels  has  been  de¬ 
signed,  synthesized,  and  characterized.  The  design  is  based  on 
our  earlier  result  that  a  23-mer  peptide  with  the  sequence  of  the 
M2  segment  of  the  Torpedo  californica  acetylcholine  receptor  5 
subunit — Glu-Lys-Met-Ser-Thr-Ala-lle-Ser-Val-Leu-Leu-Ala- 
Gln-Ala-Val-Phe-Leu-Leu-Leu-Thr-Ser-GIn-Arg — forms  cat¬ 
ion-selective  channels  in  lipid  bilayers,  presumably  by  self- 
assembly  of  conductive  oligomers.  Accordingly,  a  tethered 
parallel  tetramer  was  synthesized  with  four  M2d  peptides 
attached  to  a  carrier  template — a  9-amino  acid  backbone  with 
four  attachment  sites.  As  expected,  the  complete  101-residue 
protein  does  form  channels  in  lipid  bilayers  reproducing  sev¬ 
eral  features  that  are  characteristic  of  authentic  acetylcholine 
receptor  channels,  such  as  single-channel  conductance,  cation 
selectivity,  transitions  between  closed  and  open  states  in  the 
millisecond  time  range,  and  sensitivity  to  local  anesthetic 
'’funnel  blockers.  An  analogue  protein,  in  which  the  serine 
residue  in  position  8  is  replaced  with  alanine  in  each  of  the  four 
M25  23-mer  peptides  ([Ala®]M2S),  also  forms  channels  that, 
however,  exhibit  lower  single-channel  conductance.  By  con¬ 
trast,  a  similar  tethered  tetramer  with  Mid  peptides  does  not 
form  channels,  in  accord  with  expectations.  The  general  va¬ 
lidity  of  this  strategy  to  other  channel  sequences  and  oligomer 
numbers  is  anticipated.  Thus,  synporins — a  term  coined  to 
identify  this  class  of  synthetic  pore  proteins — enrich  our  ar¬ 
mamentarium  directed  toward  the  elucidation  of  structure- 
function  relationships. 


Ionic  channels  are  transmembrane  protein  arrays  organized 
around  a  central  aqueous  pore  (for  review,  see  ref.  1).  A  key 
issue  has  been  to  account  for  the  known  permeation  prop¬ 
erties  of  channels,  specifically  the  pore  size  and  ionic  selec¬ 
tivity  of  the  open  channel,  in  terms  of  structural  elements 
predicted  from  the  deduced  amino  acid  sequences. 

In  one  approach  to  this  problem,  a  hypothesis  is  first 
formulated  about  the  existence  of  such  functional  segments. 
The  design  of  a  functional  peptide  that  mimics  the  predicted 
structural  element  is  followed  by  its  chemical  synthesis  using 
solid-phase  methods,  and  the  peptide's  ability  to  form  ion 
channels  is  tested  by  incorporating  it  into  a  synthetic  lipid 
bilayer.  The  channel  activity  of  the  peptide  is  characterized 
in  terms  of  ion  conduction  and  channel  gating.  This  charac¬ 
terization  is  compared  with  the  specific  features  of  the 
authentic  channel.  The  comparison,  in  turn,  leads  to  a 
redesign  of  the  peptide  to  match  the  anticipated  character¬ 
istics  of  the  authentic  channel.  Finally,  the  identification  of  a 
specific  residue  thought  to  be  critical  for  the  function  under 
study  can  then  be  tested  by  substitution  (2.  3). 

A  test  case  using  this  approach  has  been  the  nicotinic 
acetylcholine  receptor  (AcChoR).  The  Torpedo  californica 
AcChoR  is  composed  of  four  glycoprotein  subunits  (a. B.y, 5) 


The  publication  cosh  of  this  article  were  defrayed  in  part  by  page  charge 
payment.  This  article  must  therefore  be  hereby  marked  "advertisement" 
in  accordance  with  18  U.S.C.  S1734  solely  to  indicate  this  fact. 


with  stoichiometry  azf  yo(4).  In  vivo,  the  AcChoR  pentamer 
acts  as  a  ligand-activated  cation  channel  with  an  effective 
pore  diameter  of  =7  A  (see  ref.  1).  A  high  degree  of  amino 
acid  sequence  homology  exists  among  its  four  subunits,  and 
each  exhibits  four  presumed  transmembrane  regions  de¬ 
signed  as  Ml.  M2.  M3,  and  M4  (5).  A  synthetic  peptide  with 
a  sequence  that  corresponds  to  M2<5  forms  discrete  channels 
in  lipid  bilayers.  The  channel  conductance  and  selectivity 
sequence  are  comparable  to  those  characteristic  of  the  au¬ 
thentic  AcChoR  channel  (2). 

This  molecular-engineering  approach  has  the  great  virtue 
of  simplicity.  The  design,  however,  dictates  that  these  pep¬ 
tides  self-assemble  in  the  membrane  to  generate  discrete 
conductive  oligomers,  expressed  as  channel  units.  We  show 
here  that  this  lack  of  control  over  the  final  product  (oligo¬ 
meric  number)  can  be  circumvented  by  synthesizing  a  teth¬ 
ered  parallel  tetramer  with  four  Torpedo  AcChoR  M2  <3  nep- 
tides  attached  to  a  carrier  template — a  9-amino  acid  backbone 
with  four  attachment  sites  (6).  When  incorporated  in  lipid 
bilavers.  the  complete  101-residue  protein  forms  channels 
that  reproduce  several  features  that  are  characteristic  of 
authentic  AcChoR  channels:  single-channel  conductance  I  y). 
cation  selectivity,  transitions  between  closed  and  open  states 
in  the  millisecond  time  range,  and  sensitivity  to  a  local 
anesthetic  channel  blocker.  Thus,  synthetic  pore  proteins — 
synporins — provide  a  strategy  to  investigate  structure- 
function  relationships  in  channel  proteins.  A  preliminary 
account  of  this  research  was  presented  elsewhere  i“). 

MATERIALS  AND  METHODS 

Materials.  1.2-Diphytanoyl-svi-glycero-3-phosphocholine 
(PC).  l-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine 
(POPC).  and  l-palmitovl-2-oleyl-sn-glycero-3-phosphoeth- 
anolamine  (POPE)  were  obtained  from  Avanti.  All  other 
chemicals  were  of  the  highest  purity  available  commercially. 

Synthesis  of  Proteins.  Synthesis  of  the  four-helix  bundles 
was  accomplished  by  a  two-step  procedure.  A  common 
9-amino  acid  template  was  synthesized  using  automated 
solid-phase  synthetic  techniques  starting  with  0.5  mmol  of 
r-Boc-glycine-PAM  resin  with  a  substitution  of  0.79  mmol/g 
(where  r-Boc  is  A/W-rerr-butyloxycarbonyl;  Applied  Bio¬ 
systems).  Amino  acids  (2.0  mmol)  were  added  as  the  pre¬ 
formed  hydroxybenzotriazole  (HOBt)  esters  on  an  ABI 
model  431  peptide  synthesizer  (2,  3).  Coupling  efficiencies 
were  monitored  at  all  steps  by  using  quantitative  ninhydrin 
assays  (8).  Coupling  steps  were  repeated  as  required  to 
generate  coupling  efficiences  ^99%  per  residue.  Accord¬ 
ingly.  the  template  NH:-K*K*K*PGK*E'K*G-PAM  resin 
was  generated,  where  Er  is  L-glutamic  acid,  y-benzyl  ester. 
K*  is  N'-2-chlorobenzyloxycarbonyl-L-lysine.  and  K*  is  N’- 


Abbreviations:  y.  single-channel  conductance:  AcChoR.  acetylcho¬ 
line  receptor:  THE.  trifluoroethanol:  PC,  1.2-diphytanoyl-j/i-glycero- 
3-phosphocholine:  POPE.  l-palmitoyl-2-oleyl-5rt-glycero-3-phos- 
phoethanolamine:  POPC.  l-palmitoyl-2-oleyl-sn-glycero-3-phospho- 
choline. 

*To  whom  reprint  requests  should  be  addressed. 
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S5.3  IONOPHOPES:  STRUCTURE  A  NO  INTERACTION  IN  RELATION  TO  TRANS  MEMBRANE  ION- 

TRANSPORT.  K.R.K.  Eas-.varan,  Molecular  Biophysics  Unit.  Indian  Institute  of 

Science.  Bangalore  -  5G0  012,  India. 

Much  of  the  current  understand  ins  of  the  molecular  mechanism  of  transmembrane  lon-transpcrt 
has  come  essentially  due  to  the  discovery  of  certain  transport  molecules.  lonophores,  which 
act  as  carriers  or  channels  in  selectively  enhancing  the  ionic  permeability  across  natural 

and  model  membranes.  There  are  essentially  two  aspects  of  the  problem  which  need  a  detailed 
study  to  understand  the  process  of  carrier  or  channel  mediated  ion-transpert  across  membranes 
at  the  molecular  level,  namely,  a)  structure  and  conformation  of  icnophores  and  their  cation 
complexes  b)  the  mode  of  interaction  of  these  ionophorcs  with  mode]  and  biological  membranes. 
Our  results  on  the  structure  and  conformation  of  carrier  ionophorcs  and  their  cation  complexes 
using  NMR  and  CD  techniques  in  solution  and  X-ray  crystallography  in  the  solid  state  studied 
under  different  conditions  clearly  showed  that  the  ion  selectivity  of  the  ionophore  depends 
not  onlv  on  the  nature  of  the  ligands  but  also  on  the  conformational  state  of  the  whole  molecule 
and  that  the  conformation  !s  very  much  dependant  on  the  size  and  charge  of  the  cation  and 
the  nature  of  solvent  and  anion  used .  T  he  studies  on  tho  interaction  of  ionophorcs  with 

model  membranes,  in  particular  phospholipids,  using  DSC.  ESR.  Si  and  NMR  gave  information 

on  the  preferred  locat-ion  of  the  ionophorcs  in  the  lipid  bllayer  and  the  mode  of  insertion 

in  the  lipid  matrix.  These  results  will  be  presented  In  relation  to  t  bje  transmembrane  ion 
transporting  properties  of  ionophores. 


MOLECULAR  ANATOMY  AND  MOLECULAR  DESIGN  OF  CHANNEL  PROTEINS.  Mauricio  Montal. 
Dcrartmcnis  of  Biology  and  Physics.  University  cLCalifomia.  San  Diego.  La  Jolla.  California  9209V0H9. 

A  central  goal  in  membrane  biophysics  is  lo  understand  how  channel  proteins  work  in  terms  of  their  underlying  protein 
structures.  Tonic  channels  are  symmetric  (or  pseudosymmetric)  transmembrane  protein  assemblies  organized  around  a  central 
aqueous  pore.  The  two  key  functional  elements  are  the  ionic  channel  -  the  actual  polar  pathway  that  permits  the  selective 
passage  of  ions  across  the  apolar  core  of  the  lipid  bilayer  and  the  sensor  -  the  structure  that  detects"  the  stimulus  and  couples  it 
to  the  opening  or  closing  (gating)  of  the  channel.  Molecular  cloning  and  sequencing  led  to  the  elucidation  of  the  primary 
structures  of  several  multi-member  gene  families.  Given  this  structural  information,  molecular  modeling  has  been  used  to 
postulate  structural  models  of  the  protein  with  emphasis  on  the  identification  of  structural  elements:  the  channel  and  the  sensor. 
To  test  the  models  the  putative  functional  peptides  are  synthesized  by  solid  phase  methods  and  their  abilirv  to  form  ion  channels 
is  assessed  by  incorporating  them  into  synthetic  lipid  bilayers.  This  approach  -  molecular  engineering  -  will  be  briefly 
described  with  particular  emphasis  on  the  progress  we  have  made  in  the  design  and  synthesis  of  peptides  and  proteins  that 
emulate  the  pore  structure  of  two  prototype  proteins  of  two  major  gene  families  in  the  brain,  namely  the  voltage  sensitive 
sodium  channel  and  the  nicotinic  cholinergic  receptor  (Supported  by  NIH,  NIMH  and  ONR). 


24 


TjtOBSDAT  AM 


CALCIUM  CHANNKLS  III 


Mauricio  Moncal 
R&T  Code:  4414911 


1M.1 

FUNNEL-WEB  SPIOEH  TOXJN  (FTX)  SELECTIVELY  BLOCKS  THE  SUSTAINED 
BUT  NOT  THE  TRANSIENT.  CALGUU  CURRENT  IN  RETINAL.  HORIZONTAL 
CELLS  J.M.  St/Nan*  and  E.M.  Lasatgt  Dap*a.  of  Physiology  arid 
Ophthalmology.  UnN  of  Uuh  School  of  Madder#.  San  lake  C*y.  Utah.  84108 

Using  th#  whd«-c«d  patch-damp  tachrw**,  wa  hav*  two  vnxwt 

Ca  cufranfs-ona  ausiatoed  (l^S).  lha  otN*  transient  (I^TR^-W-i  cultured 
hortrortal  cals  (HCs)  todatad  from  advit  whka  bass  retires  Ca  curr*r<s  w*re 
•nhanced  using  10  mM  txtracaHUar  Ca,  wMa  Na *  and  K *  currents  w^r« 
pharmacdogicaty  supra***!  Tha  Urge  trere**-*  Ca  currers  hs  svniar.  but  not 
toertk^.totheT-Currertdescrtoed  to  oth«f  precautions  I^TR  activates  above 
-60  mV.  Is  InactNstad  at  «  holding  potential  of  -40  mV  and  <s  canned  'es*  *e4 
by  Ba*  *  than  Ca.  Untike  tha  T-Cuneo*.  I^TR  Is  not  preferentially  blocked  by 
Nl*  *.  This  is  the  Nat  time  that  a  large  trenser*  Ca  current  has  been  seen  m 
NC*.  Of  In  a  non -mammalian  venetxaie  preparation.  The  sustained  Ca  cur 'pot 
la  simlar.  but  not  to  ant  teal.  to  the  L-Cuerect  desenbed  in  many  preparations 
t^S  activates  abova  -30  mV.  is  larger  when  Ba  ‘  *  replaces  Ca  and  is  enhanced 
by  the  dfhydropyhdHe  agonl.t  BAY  K  8644  (CaitAochem)  Unlike  the  L -Cur rent, 
I^S  b  not  preferentially  blocked  by  Cd  *  \  nor  (s  ft  reduced  by  w -cone*  Ox  in 
fraction  GV1A  (a  gift  from  Or.  B.  M.  CXNnre)  FTX  (a  gift  from  Dr  R  U'nas).  a 
factor  isolated  from  the  venom  of  the  hjnneJ  wed  spider  (Uinas  et  at .  P  N  A  s  , 
fi§  t669.  1989),  selectivity  blocks  !<-,$  at  very  -cr»  concent  radons  a  t  300.00 
dlutkxi  of  the  Cdumn  fraction  contain. mg  FTX  blocked  60%  of  the  sustained 
curTent\whle  a  1:10.000.000  dlution  blocked  10%  of  this  current  Thu  block 
was  maintained  even  after  washing  with  FTX -free  Ringer  for  up  fo  20  min  These 
resiiis  strongly  suggest  that  the  sustained  and  transier*  Ca  currents  are  earned 
through  two  differed  and  unique  types  of  channels,  and  support  the  notion  that 
there  is  a  wide  variety  of  Ca  channels  among  different  species  and  tissue  fvpes 
Thb  work  was  supported  by  N I.H.  Grant  EfY 05972  to  E  ML 
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DISTINCT  RAT  BRAIN  CLASS-C  CALCIUM  CHANNELS  ARE 
CENERATED  BY  ALTERNATIVE  SPLICING.  WJ.  Tomlinson*, 
M-M.  Gilbert*  lfld  TJ*.  Snutch.  Biotechnology  Laboratory. 

Uni*,  of  British  Columbia.  Vancouver,  B.C.,  Canada  V6T  IW5. 

Rat  bnin  class  C  Ca  channel  cDNAi  (rbC)  hybrkJba  on  Northern 
blots  to  two  mRNAs  of  appro*.  S  and  12  kiTotmse*  (kb).  TV  dedoetd 
primary  structure  of  two  orerlrpf'ng  clones  (rbC-61  and  rbC-30) 
shows  that  the  class  C  gene  product  b  >90%  Identical  to  the  rabbll 
cardiac  dihydropyridifx  receptor/Ca  channel  (designated  rbC-I). 
Analysis  of  a  number  of  other  cDNAs  reveal*  distinct  class  C  Coding 
sequences  (designated  rbC-IT).  Further,  la  1400  amino*  acids 
compared.  rbC-l  and  rbC-fl  transcripts  differ  at  o a/y  two  lifts,  fn 
the  first  instance.  tbC-TI  transcripts  have  a  three  amino' acid  > 

insertion  (ProAlaArg)  corresponding  to  the  potaUv*  cytoplasmic  loop  • 
between  homology  domains  If  and  III.  The  second  site,  a  2S  tmino  ■  ' 
acid  region  which  includes  the  third  putative  traru membrane  segment 
(S3)  of  domain  IV  of  rbC-l,  is  replaced  by  a  different  2S  amino  acid 
hydrophobic  stretch.  By  Southern  blot  analysis,  rbC-I  and  rbC-II 
specific  probes  are  shown  to  hybridize  an  identical  pattern  of  raj 
genomic  DNA  fragments.  In  addition,  polymerase  chain  reaction 
analysis  of  rat  genomic  DNA  shows  that  the  rbC-I  and  rbC-JI 
transcripts  are  generated  from  the  same  genomic  DNA  fragment. 

These  results  suggest  that  in  addition  to  the  distinct  genei  which 
encode  the  rat  bnin  class  A.  B.  C  and  D  Ca  channels.  alternat«ve 
splicing  provides  a  further  source  of  Ca  channel  diversity  in  the 
CNS 
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Bloc  bam  leal  C  hare  et  art**  t  Ion  of  •  High  Affinity  { 3*4]  Ryanodine  Ractptor 
From  Rabbit  Brain  Membrane*.  P.S.  McPN?reoo  and  K.P.  CamcOefl 
Howard  MugN*s  Medical  Institute  and  Program  in  Neuroscience  arvj  Dec*  of 
Physiology  and  Biophysics.  UnNeraky  of  Iowa  College  of  Medicine.  lows  Cky. 
IA  52242. 

The  skeletal  musde  receptor  for  the  piar*  alkaloid  ryanodine  has  been 
shown  to  be  identical  to  the  Ce^  *  release  cnenoel  of  the  sarcoplasmic 
rehoJum.  High  affinity  pHJryanodlne  binding  hes  been  recerfly 
demonstrated  in  Isolated  brain  membranes  (AsMey.  fl.H .  J.  Memb.  Bfof .. 
111:179,  1969).  We  have  shewm  that  [-^H] ryanodine  binding  cs  enriched  in 
membranes  from  the  hippocampus  but  h  skgr^candy  Sower  n  membranes 
from  the  brain  stem  end  splnaf  cord.  Approximately  50%  of  (3H]ryenodin« 
labeled  receptor  la  sdubilzed  from  bran  membranes  using  CHAPS 
Dfosphalfoytchcfine  cortaWng  t  M  NaO  The  brain  f^Hjryanodln*  recepror 
Comigrate*  through  suemae  gradient*  wth  the  skeletal  receptor  as  a  large 
Complex  (-30S).  SofuMbed  receptor  la  spec  deafly  imrTx*ioprectp4aled  by 
aneep  pcryUonei  antsbooiei  PvrfW  siaeo*  .mace  ryarv-dlne 

receptor  coupled  to  pretein  A  Sepharoee  [^H] Ryanodine  labelled  rece^or 
bfoda  to  hepertrve«rose  wen  high  affl nky.  but  does  not  bind  fo  wheel  gemi 
ag^udnln  leedn.  pH  J  Ryanodine  labeled  receptor  fe  Isolated  using  hepehrv 
egarose  chromatography  foflowed  by  sucrose  denary  gradient  centrifugation. 
A  protein  of  -400.000  Da  ke  enriched  H  peek  (^Hjryanodlne  bfodfog^mctions 
0/  hepa/Vvagarose  efuate*  and  aucrose  gradiercs,  and  b  crosa-reactNe  w^h 
artlbodWe  rafted  against  the  skeletal  musde  ryanodine  receptor.  W*  propose 
the!  th#  -400.000  Oe  protein  le  the  txaln  form  of  the  Ngh  #mnfty  ryanod'ne 
receptor  and  that  I  fonctfone  as  a  Ca-  *  rafeesa  channel  H  tyeki  endoplasmtc 
retlaitm  Kgyfci  P.  Camobei  le  an  Investigator  of  the  Howard  Hughes 
Medical  Inattule. 
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DESIGN,  SYNTHESIS.  AND  STNCLE CHANNEL  CHARACTER EATIONOF 
A  DWYDROnfTUDINE-SENSrTTVE  CALCIUM  CHANNEL  PKOTEIN. 

■A.  M  Tocwh^  «nd  M.  Mon^i.* 

T/CSD,  Ls  JbHa.  CA  92093  and  Children  i  Hospital.  Los  A/ifeles.  CA  90027. 

The  4v*)or  protein  component  of  a  dihydreyyrkfine-iuuitive  calcium  channel 
from  dfeletaimoscl*  was  cloned  vvf  sequenced  (T«wbe,T.  c*  al.  l997.Narsrc  321. 
113-3^9).  The  primary  imraas  sugye>ts  die  occurrence  of  four  totnmal  repean. 
v  each  donoMng  its  praaumabfy«-^lscaltnRimembrarieae(menti.  We  designed 
•  protebi  dM  e«Mc»  •  pore- forming  geemre  of  the  cakriom  charnel:  s  carrier 
•nm pfmt  (KMXPOmO)  (Matter.  M.  et  aL  1 9tt.  Tetnf*+o*M,  77 1  -7*5)  wts 
used  >o  direct  dwmsanNy  of  i  baadfe  comprised  of  four  identical  22  -ow  peptides 
%iiK  seqeeaces  corresponding  io  trail  imem  bra  ae  segmeat  I  VS  3  « 
(DPlVNVPZ>FlJVX3SIZDVlLSBX  Th5e  syerhetic  procem  forms  cukm-sdective 
chapels  la  lipid  btkym.  At  pH  7Z  the  tingle  chme doonductances  wsyrnmecnc 
30  mM  Cad,  Bad, art  SrCLaro  7 2 1 1  J,  9  J  *  U  and  6.4  i  0.4  p5.  rrspccth^y. 
andlOJ*  lJpStoSOOmMNaa  Onmela «e Mocked  by  lO’Msifedipme. 
KHM  wnpwafl  aod  ID1  M  of  the  kKalaMithetic  analogue  of  BdocaineQX-222. 
Adiffertnatyndwdcproeelncontahiingfoapepddeawithwquewceiconegonding 
to  aegraens  IV33  fYVALLfVMLFFrYA VK3M0MPG1C)  doe*  not  farm  dbcreaa 
chnnnefa. 

Sepponad  by  NIGM3(OM-42340),  NIMH  (MH-44631  and  MH -00771)  and  ONR 
(NDOOI4-d93-14d9V 
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DIVERSE  ® -CONOTOXIN  GV1A  BINDING  PROTEINS  IN  ELECTRIC  ORGAN 
AND  bovine  BRAIN  RllHome-  R  R.  Delay  arxl  R_W  Then  Depf.  of  Molar. 
k  Cell  Physiol..  Stanford  Uni>tr^ry  School  of  Medkdne,  Stanford.  Calif.  94305. 

Binding  site*  for  the  marine  mail  min.  axonototin  OVIA  (®CgT*).  have  been 
idouj/Vd  m  a  variety  of  neuronal  duue  rypea.  aid  have  been  aro fried  eaciusively  io 
voltage -dependent  calcium  chamteli.  o>CgT*  has  been  shown  to  bind  with  Sigh 
affinity  (Xfy-J  pVf)  to  relatively  few  receptor  dies  (0.4  pmoleVmg  protrtn)  in  bovine 
brim  (Yamaguchi  e*  al..  JBC  263.  9491).  and  with  krw  a/Tmity  (Kp-  1  jiM)  »  a 
grcaier  nombdr  of  receptor  u  te*  (290  pmoks/mg  prosem)  in  lynaptotoroea  prepwed 
from  ihe  electric  crrgjn  of  DiKopygt  om**ua  (Miljanicb  et  al..  Brain  Bet  453.  247). 
Our  results  fuggtst  that  these  binding  she*  repmsua  a  heterogeneoai  population  of 
®CgT«  binding  proteins  and  that.  In  electric  organ,  not  all  are  actually  cafciam 
channels.  Crosslinking  experiments  with  the  botnobi functional  imidocster. 
dime  thy  ImberimidiaK  (DMS).  reveal  that  l-H!-®CgT*  geccficaJIy  labels  two  proteins 
in  bovme  bra®  with  M,  rgioa  of  330  end  220  kD  «  determinod  by  SDS  PAGE,  md 
three  proteins  in  electric  organ  symptoaomea  with  M,  vaioea  of  170.  60.  and  45  kD. 
We  have  demonatrated  that  the  45  kD  protein  of  electric  organ  is  the  a-nbanii  of  the 
"imrwjc  aouylcholirv?  -veparr  (ftACAR)  and  that  it  acccwnu  for  a  tijyii/icant  fraction 
of  the  total  number  of  toCgTa  binding  site*.  Furthermore,  it  can  be  separated  from 
both  tV  170  and  60  kDa  proteins  by  immuoopreci  pita  cion  with  a  Mab  agamst  the 
nAChR.  All  three  electric  organ  saCgTt  binding  protein*  share  similar 
pharmacologicaJ  properties,  in  that  half  maximal  diapUcemuM  of  ,sl-«C|Tx  ocean 
in  the  range  of  O.I-I.O  uM  «CgTa.  tod  the  binding  of  ,,Jl-«CgTx  is  oof  inhibited  by 
other  calcium  entry  blockers,  soch  as  nitrendipine,  or  by  a-bungarotoain  and  other 
agents  known  to  iuteract  with  the  nAChR.  ®CgTx  bending  both  in  brain  tod  electric 
organ  is  charactdrisbcsJIy  inhibited  by  higher  concentration*  of  Ca1*  (0.5- 1.0  mM) 
where**  In  brain  preparations  we  demon  nr*  m  that  ®CgTx  binding  Is  actually 
mmulated  op  to  3  foJd  ai  tower  Caw  concentrations  (O.I-I.O  yM).  It  is  nose  worthy 
this  ftimnlacnry  efTect  occurs  m-er  tSe  nme  oonrentmioa  range  as  Ca*  binding 
to  sites  controlling  permeation  and  inactivation  of  caldum  channel*. 
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Bundles  of  Amphipathic  Transmembrane  a-Helices  as 
a  Structural  Motif  for  Ion-Conducting  Channel 
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ABSTRACT  Channel  proteins  are  trans- 
membrane  symmetric  (or  pseudosymmetric) 
oligomers  organized  around  a  central  ionic 
pore.  We  present  here  a  molecular  model  of  the 
pore  forming  structures  of  two  channel  pro¬ 
teins  with  different  primary  structures  and  oli¬ 
gomeric  size:  the  voltage-sensitive  sodium 
channel  and  the  nicotinic  cholinergic  receptor. 
We  report  low-energy  arrangements  of  a- 
helical  bundles  calculated  by  semiempiricial 
potential  energy  functions  and  optimization 
routines  and  further  refined  using  molecular 
dynamics.  The  ion-conducting  pore  is  consid¬ 
ered  to  be  a  symmetric  or  pseudosymmetric 
homooligomer  of  3-5  amphipathic  n-helices  ar¬ 
ranged  such  that  the  polar  residues  line  a  cen¬ 
tral  hydrophilic  Dathway  and  the  apolar  resi¬ 
dues  face  the  hydrophobic  bilayer  interior.  The 
channel  lining  exposes  either  charged  (Asp, 
Glu,  Arg,  Lys)  or  polar-neutral  (Ser,  Thr)  resi¬ 
dues.  A  bundle  of  four  parallel  helices  con¬ 
strained  to  C4  symmetry,  the  helix  axis  aligned 
with  the  symmetry  axis,  and  the  helices  con¬ 
strained  to  idealized  dihedral  angles,  produces 
a  structure  with  a  pore  of  the  size  inferred  for 
the  sodium  channel  protein  (area  —  16  A2).  Sim¬ 
ilarly,  a  pentameric  array  optimized  with  con¬ 
straints  to  maintain  Cs  symmetry  and  backbone 
torsions  characteristic  of  a-helices  adopts  a 
structure  that  appears  well  suited  to  form  the 
lining  of  the  nicotinic  cholinergic  receptor 
(pore  area  —  46  A2).  Thus,  bundles  of  amphi¬ 
pathic  a-helices  satisfy  the  structural,  ener- 
]  getic,  and  dynamic  requirements  to  be  the  mo¬ 
lecular  structural  motif  underlying  the  function 
it  of  ionic  channels. 
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INTRODUCTION 

Channel  proteins  are  a  special  class  of  membrane 
proteins  that  mediate  the  selective  passage  of  ions 
across  the  low  dielectric  constant  apolar  core  of  the 
membrane  lipid  bilaver  (for  review  see  1).  Under¬ 
standing  their  mode  of  action  has  progressed  with 
the  advent  of  recombinant  DN'A  technology  that  re¬ 
sulted  in  the  elucidation  of  the  primary  structure  of 
several  channel  proteins.2-4  A  remarkable  feature 
inferred  from  the  amino  acid  sequences  is  the  high 
homology  conservation  among  members  of  this  fam¬ 
ily  of  proteins.  They  are  composed  of  homologous 
subunits  or  domains  which  contain  several  trans¬ 
membrane  segments.  Further,  segments  that  could 
be  folded  into  amphipathic  transmembrane  a- 
helices  are  identifiable  in  all  channel  proteins  for 
which  sequence  information  is  available.5-9  This  is 
significant  because  amphipathic  a-helices  could 
form  a  bundle  with  one  side  facing  an  internal  hy¬ 
drophilic  pore  and  the  other  facing  hydrophobic  he¬ 
lices  or  fVte  membrane  cnr°  Tr.  addition,  irr.a^c  anal¬ 
ysis  of  electron  micrographs  obtained  from  ordered 
arrays  of  channel  proteins  in  their  native  membrane 
environment  produced  low  resolution  images  (~  18 
A)  that  are  consistent  with  radial  symmetric  or 
pseudosymmetric  protein  assemblies  organized 
around  a  central  aqueous  pore.1011  These  key  fea¬ 
tures,  homology  and  symmetry,  raise  the  notion  that 
a  unifying  motif  in  the  biological  design  of  ion  chan¬ 
nels  is  an  array  of  transmembrane  a-helices  ar¬ 
ranged  such  that  amphipathic  helices  face  a  central 
hydrophilic  pore  whereas  hydrophobic  helices  sur- 
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